We present spectroscopy of a transit of the exoplanet HD 189733b. By modeling the Rossiter-McLaughlin effect (the anomalous Doppler shift due to the partial eclipse of the rotating stellar surface), we find the angle between the sky projections of the stellar spin axis and orbit normal to be . This is the third case of a "hot l p Ϫ1Њ .4 ‫ע‬ 1Њ .1 Jupiter" for which l has been measured. In all three cases l is small, ruling out random orientations with 99.96% confidence, and suggesting that the inward migration of hot Jupiters generally preserves spin-orbit alignment.
INTRODUCTION
A primary reason to study planets of other stars is to learn how typical (or unusual) are the properties of the solar system. For example, the nearly circular orbits of solar system planets were once considered normal, but we now know that eccentric orbits of Jovian planets are common (see, e.g., Halbwachs et al. 2005 or Fig. 3 of Marcy et al. 2005) . Likewise, gas giants were once thought to inhabit only the far reaches of planetary systems, an assumption that was exploded by the discovery of "hot Jupiters" (Mayor & Queloz 1995; Butler et al. 1997 ). This inspired theoretical work on planetary migration mechanisms that can deliver Jovian planets to such tight orbits (as recently reviewed by Thommes & Lissauer [2005] and Papaloizou & Terquem [2006] ).
Another striking pattern in the solar system is the close alignment between the planetary orbits and the solar spin axis. The orbit normals of the eight planets are within a few degrees of one another (Cox 2000, p. 295) , and the Earth's orbit normal is only 7Њ from the solar spin axis (Beck & Giles 2005 and references therein) . Presumably this alignment dates back 5 Gyr, when the Sun and planets condensed from a single spinning disk. Whether or not this degree of alignment is universal is unknown. For hot Jupiters in particular, one might wonder whether migration enforces or perturbs spin-orbit alignment.
For exoplanets, the angle between the stellar spin axis and planetary orbit normal (as projected on the sky) can be measured via the Rossiter-McLaughlin (RM) effect: the spectral distortion observed during a transit due to stellar rotation. The planet hides some of the velocity components that usually contribute to line broadening, resulting in an "anomalous Doppler shift" (Ohta et al. 2005; Giménez 2006; Gaudi & Winn 2007) .
Observations of the exoplanetary RM effect have been reported for HD 209458 (Bundy & Marcy 2000; Queloz et al. 2000; Winn et al. 2005; Wittenmyer et al. 2005 ) and HD 149026 (Wolf et al. 2007 ). Here we report observations of the RM effect for HD 189733. This system, discovered by Bouchy et al. (2005) , consists of a K dwarf with a transiting Jovian planet ( ) in a 2.2 day orbit. Our observations are pre-M p 1.15M
OBSERVATIONS
We observed the transit of UT 2006 August 21 with the Keck I 10 m telescope and the High Resolution Echelle Spectrometer (HIRES; Vogt et al. 1994) following the usual protocols of the California-Carnegie planet search, as summarized here. We employed the red cross-disperser and placed the absorption cell I 2 into the light path to calibrate the instrumental response and the wavelength scale. The slit width was 0Љ .85 and the typical exposure time was 3 minutes, giving a resolution of 70,000 and a signal-to-noise ratio (S/N) of 300 pixel . We obtained 70 spectra Ϫ1 over 7.5 hr bracketing the predicted transit midpoint. To these were added 16 spectra that had been obtained by the CaliforniaCarnegie group at random orbital phases.
We determined the relative Doppler shifts with the algorithm of Butler et al. (1996) . We estimated the measurement uncertainties based on the scatter in the solutions for each 2 section A of the spectrum. For the spectra obtained on 2006 August 21 the typical measurement error was 0.8 m s , while for the Ϫ1 other 16 spectra the error was ≈1.3 m s . The data are given
Ϫ1
in Table 1 and plotted in Figure 1 , with enlarged error bars to account for the intrinsic velocity noise of the star (see § 3).
We also needed accurate photometry to pin down the planetary and stellar radii and the orbital inclination. We observed the transit of UT 2006 July 21 with KeplerCam on the 1.2 m telescope at the Fred L. Whipple Observatory on Mt. Hopkins, Arizona. We used the Sloan Digital Sky Survey z-band filter and an exposure time of 5 s. After bias subtraction and flatfield division, we performed aperture photometry of HD 189733 and 14 comparison stars. The light curve of each com- parison star was normalized to have unit median, and the mean of these normalized light curves was taken to be the comparison signal. The light curve of HD 189733 was divided by the comparison signal and corrected for residual systematic effects by dividing out a linear function based on the out-of-transit data. The light curve is plotted in the top panel of Figure 1 .
THE MODEL
We fitted the fluxes and radial velocities with a parameterized model based on a star and planet in a circular orbit about the center of mass. To calculate the relative flux as a function of the projected separation of the planet and the star, we assumed the limb darkening law to be quadratic and employed the analytic formulas of Mandel & Agol (2002) to compute the integral of the intensity over the unobscured portion of the stellar disk. We fixed the limb-darkening coefficients at the values , u p 0.320 1 , based on the calculations of Claret (2004) . u p 0.267 2 To calculate the anomalous Doppler shift, we used the technique of Winn et al. (2005): we simulated RM spectra with the same data format and noise characteristics as the actual data and determined the Doppler shifts using the same algorithm used on the actual data. The simulations were based on a " template" spectrum representing the emergent spectrum from a small portion of the photosphere. We scaled the template spectrum in flux by e and shifted it in velocity by , representing the spectrum of the occulted v p portion of the stellar disk. We subtracted this spectrum from a rotationally broadened version of the template spectrum (broadened to 3 km s to mimic the disk-integrated spectrum of HD Ϫ1 189733) and then " measured" the anomalous Doppler shift . Dv This was repeated for a grid of , and a polynomial function {e, v } p was fitted to the resulting surface. The template spectrum should be similar to that of HD 189733 but without significant rotational broadening. We tried three different choices: two empirical spectra and one theoretical spectrum. The two empirical spectra were Keck HIRES spectra (S/N ≈ 800, ) of HD 3561 (G3 V, km s ) and 11 The subplanet velocity is the projected rotation velocity of the portion of the star hidden by the planet, and is calculated assuming no differential rotation, an assumption justified by Gaudi & Winn (2007 is needed becausė g Dg of the photospheric jitter; the first a priori constraint in equation (2) enforces a reasonable level of noise. The gradient waṡ g included to account for the long-period orbit of HD 189733 and its companion star (Bakos et al. 2006a) or possible longperiod planets. We fixed the orbital period to be 2.218575 days (Bouchy et al. 2005; Hébrard & Lecavelier Des Etangs 2006) . A well-known degeneracy prevents , , and from being M R R S S P determined independently. We broke this degeneracy with the second a priori constraint in equation (2), which enforces the spectroscopic determination of by Bouchy et al. (2005) . M S We used a Markov Chain Monte Carlo algorithm to solve for the model parameters and their uncertainties (see, e.g., Tegmark et al. 2004 or Ford 2005 . Our jump function was the addition of a Gaussian random number to each parameter value. We set the perturbation sizes such that ∼20% of jumps are executed. We created 10 independent chains, each with 500,000 points, starting from random initial positions, and discarded the first 20% of the points in each chain. The Gelman & Rubin (1992) R statistic was close to unity for each parameter, a sign of good mixing and convergence. We merged the chains and took the median value of each parameter to be our best estimate, and the standard deviation as the 1 j uncertainty. For the special case of , we added an additional error of 6% in quad-
rature, due to the systematic error noted previously.
RESULTS
The results are given in Table 2 . Those parameters depending chiefl y on the photometry ( , , i) are in agreement with the R R P S most accurate results reported previously (Bakos et al. 2006b . The sky projections of the stellar spin axis and Ϫ1Њ .4 ‫ע‬ 1Њ .1 the orbit normal are aligned to within a few degrees.
DISCUSSION
HD 189733 is the third exoplanetary system (and the third hot Jupiter) for which it has been possible to measure l. The first system was HD 209458, for which (Winn l p Ϫ4Њ .4 ‫ע‬ 1Њ .4 et al. 2005 ; see also Wittenmyer et al. 2005 , who modeled the RM effect but required ). The second system was HD l p 0 149026 (Wolf et al. 2007 ), for which . The small l p 11Њ ‫ע‬ 14Њ observed values of l suggest that the most common end-state of the inward migration of a hot Jupiter involves a close alignment.
With only three systems, we cannot yet measure the distribution of l, but we can test the hypothesis of random orientations (i.e., a uniform distribution in l). The weighted mean of the measured values of is 2Њ .6. If we replace the measured FlF values by random numbers drawn from a uniform distribution, the probability that the weighted mean 12 will be this small is only 0.04%. Hence, we rule out the hypothesis of random orientations with 99.96% confidence. Winn et al. (2005) argued that tides from the star would not ordinarily cause alignment within the star's main-sequence lifetime. There are thus two basic possibilities: either the alignment is primordial and was not disturbed by migration, or there was a different mechanism to damp any initial or induced misalignment. Among the various theories of hot Jupiter migration, some would tend to enhance any initial misalignments and are thereby constrained by our results. Such scenarios include planet-planet scattering followed by circularization (Rasio & Ford 1996; Weidenschilling & Marzari 1996) , Kozai migration (Wu & Murray 2003; Eggenberger et al. 2004) , and tidal capture (Gaudi 2003) .
The agreement among the three systems studied to date is clear but should not discourage future measurements. Obviously, a sample of three is only barely sufficient to draw a conclusion. And of course, the discovery of even a single example of a grossly misaligned system would be of great interest.
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